Abstract: Chronic granulomatous disease (CGD) is a rare inherited immunodeficiency due to dysfunction of the phagocytic nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex leading to severe and recurrent infections in early childhood. The main genetic form is the X-linked CGD leading to the absence of cytochrome b 558 composed of NOX2 and p22 phox , the membrane partners of the NADPH oxidase complex. The first cause of death of CGD patients is pulmonary infections. Recombinant proteoliposome-based therapy is an emerging and innovative approach for membrane protein delivery, which could be an alternative local, targeted treatment to fight lung infections in CGD patients. We developed an enzyme therapy using recombinant NOX2/p22 phox liposomes to supply the NADPH oxidase activity in X 0 -linked CGD (X 0 -CGD) macrophages. Using an optimized prokaryotic cell-free protein synthesis system, a recombinant cytochrome b 558 containing functional hemes was produced and directly inserted into the lipid bilayer of specific liposomes. The size of the NOX2/p22 phox liposomes was estimated to be around 700 nm. These proteoliposomes were able to generate reactive oxygen species (ROS) in an activated reconstituted cell-free NADPH oxidase activation assay in the presence of recombinant p47 phox , p67 phox and Rac, the cytosolic components of the NADPH oxidase complex. Furthermore, using flow cytometry and fluorescence microscopy, we demonstrated that cytochrome b 558 was successfully delivered to the plasma membrane of X 0 -CGD-induced pluripotent stem cell (iPSC)-derived macrophages. In addition, NADPH oxidase activity was restored in X 0 -CGD iPSC-derived macrophages treated with NOX2/p22 phox liposomes for 8 h
Introduction
Chronic granulomatous disease (CGD) is a rare inherited disorder of the innate immune system (1/200,000 births), which is caused by mutations in one of the five genes encoding the subunits of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex expressed in phagocytic cells (neutrophils, monocytes/macrophages, eosinophils). 1 This enzymatic complex is composed of two membrane subunits (the redox subunit gp91 phox , also called NOX2, and p22 phox ) both forming the flavocytochrome b 558 and cytosolic components (p47 phox , p67 phox and p40 phox ). When stimulated, the cytosolic subunits translocate to the plasma membrane and associate with cytochrome b 558 to form the active NADPH oxidase complex. 2 Activated NADPH oxidase is responsible for the production of antimicrobial reactive oxygen species (ROS), and therefore its deficiency in CGD leads to recurrent and lifethreatening infections in early childhood. 3 The main genetic form of this disease is the X-linked CGD (XCGD; 70% of cases) caused by mutations in the CYBB gene leading to the absence or dysfunction of the cytochrome b 558 . 4 Until today, bone marrow transplantation has been the only curative treatment. However, it is not devoid of risks in a context of infections and immunodeficiency, although recent progress in patient conditioning has improved the safety and efficacy of this treatment in high-risk CGD patients. 5 Encouraging results were also obtained using the gene therapy approach, but the type and design of viral vector constructs used are currently under investigation to control random genome insertion and stabilization of the promoter. 6, 7 In addition, this therapy is highly expensive and difficult to apply to a large number of patients. The current treatment for CGD patients is antibiotic and antifungal prophylaxis throughout life. However, the leading cause of death in CGD patients is pulmonary infections of Aspergillus fumigatus that are often refractory to anti-infectious treatment, even intravenous. 8 Therefore, alternative treatments to target the lungs are desperately needed to rapidly fight life-threatening pulmonary infections in CGD patients.
Protein-based therapies are a promising and safe alternative in medicine with .173 proteins approved in France for clinical use in 2014 (Biomédicaments en France: http://www. leem.org/leem-publie-l-etude-biomedicaments-en-franceetat-des-lieux-2014). However, because of their biophysical and biochemical characteristics, membrane proteins are difficult to produce in sufficient amounts for therapeutic uses using classical expression systems. The recent development of cell-free protein synthesis (CFPS) methods improved the efficiency of recombinant membrane protein production. 9 In addition, their integration into liposomes to generate proteoliposomes holds great promise to vectorize therapeutic proteins. [10] [11] [12] Although various strategies are currently available for the delivery of intracellular proteins, 13 there is a lack of vectors for membrane proteins. Liposomes are safe nano-carriers that are ideal for the vectorization of not only chemical drugs but also a large number of biological molecules, including nucleic acids, peptides and proteins. They also provide a specific natural environment required for the insertion of functional membrane proteins. Moreover, liposomes can be chemically modified to increase their stability, to follow their biodistribution as well as to improve their targeting.
14 Until now, it has been important to consider that there is no example in the literature of the use of proteoliposomes to supplement a protein deficiency in the case of genetic diseases. However, NOX2/p22 phox liposomes could be an attractive delivery system for complementing NADPH oxidase activity in the ROS-deficient phagocytic cells of CGD patients. Nevertheless, it is challenging to produce both membrane subunits (NOX2 and p22 phox ) with heme incorporation. 15 In a previous study using an optimized CFPS system, we succeeded in producing a recombinant and active truncated NOX2 protein directly incorporated into liposomes and efficiently delivered to the membrane of human carcinoma cell lines. 16 More recently, an active bovine cytochrome b 558 was produced in Pichia pastoris and then inserted into liposomes. 17, 18 However, in cellulo restoration of ROS-deficient phagocytic cells has never been reported using a human functional recombinant cytochrome b 558 .
In this study, we optimized the production of recombinant proteoliposomes containing an active human cytochrome b 558 and we characterized their biophysical and biochemical properties. In addition, we evaluated its ability to reconstitute a functional NADPH oxidase complex in vitro. The choice of a relevant cellular model is also important for evaluating new therapeutic approaches in preclinical studies. Recently, induced pluripotent stem cells (iPSCs) have been shown to be very useful for physiopathologic modeling of diseases. 19 CGD patient-specific iPSCs were successfully differentiated into neutrophils and/or macrophages recapitulating the ROS-deficient phenotype to test new therapeutic strategies. [20] [21] [22] [23] [24] [25] [26] Then, using confocal microscopy and flow cytometry, we demonstrated the capability of liposomes to transport and deliver recombinant cytochrome b 558 to the membrane of X 0 -linked CGD (X 0 -CGD) iPSC-derived macrophages. Finally, the therapeutic potential of the NOX2/p22 phox liposomes was evidenced by the restoration of the NADPH oxidase activity of these ROS-deficient cells using the nitroblue tetrazolium (NBT) chloride test. Absence of toxicity of the proteoliposomes was also ascertained using the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay.
Materials and methods chemicals and reagents
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dilinoleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1, 
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Therapeutic proteoliposomes for X-linked chronic granulomatous disease 2-dimyristoyl-sn-glycero-3-phosphate (DMPA) were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and cholesterol from Coger (Paris, France). Chloroform, sodium dithionite (85%), flavin adenine dinucleotide (FAD; 96%), arachidonic acid (from porcine liver, .99%), dimethylsulfoxide (DMSO), Triton X-100, MTT, phorbol 12-myristate 13-acetate (PMA; .99%), NBT (98%), diphenyleneiodonium (DPI) chloride (.98%), superoxide dismutase (SOD) bovine (5,030 U/mg), anti-mouse IgG-peroxidase antibody, bovine serum albumin (BSA), Tris-buffered saline, Tween-20, magnesium acetate, potassium acetate, hemin, iron and Hoechst 33258 were purchased from Sigma-Aldrich (St Quentin Fallavier, France). NADPH (tetrasodium salt; 98% pure) was purchased from Roche Applied Science (Meylan, France 
liposome preparation
Liposomes were prepared using a 10 mg/mL lipid mixture of DOPC, DOPE, DMPA and cholesterol in chloroform. Different ratios of these lipids were prepared to obtain the liposome preparations named L1, L2, L3, L4, L5 and L6. Chloroform was evaporated using a Uniequip vacuum centrifuge (Univapo 150H). The thin lipid film was rehydrated with 50 mM HEPES pH 7.5 to obtain 30 mg/mL lipid slurry. This solution was sonicated using a tip sonicator (Branson Digital Sonifier 250) at 20% for 30 s five times and filtered (0.22 µm polyethersulfone [PES] filter).
cell-free synthesis of recombinant NOX2/p22 phox proteoliposomes and purification
The R199Q mutation was introduced into the wild-type (WT) NOX2 cDNA in pBluescript II KS (+) vector using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) and subcloned into the mammalian expression vector pEF-PGKneo as previously described. 27 Then, the R199Q mutant NOX2 cDNA and p22 phox cDNA sequence were subcloned by Proteogenix (Schiltigheim, France) into a specific plasmid optimized by Synthelis SAS. The two plasmids (15 µg for each plasmid) and the preformed liposome solution were added to 1 mL of the batch reaction mixture (Figure 1 ). The energy regeneration system (NTPs, salts, amino acids, chaperones, cofactors, etc) was developed by Synthelis SAS. Different concentrations of magnesium (0-50 mM), potassium (0-320 mM), hemin (0-20 µM) and iron (0-10 µM) were tested to optimize the protein expression. The cell-free reaction was carried out at 30°C for 16 h with gentle agitation at 400 rpm using an Escherichia coli extract. 16 Liposomes prepared with identical lipid composition in the absence of the cDNA sequences encoding NOX2 and p22 phox proteins were used as negative controls. To purify proteoliposomes, cell-free reactions were loaded on top of a three-step discontinuous sucrose gradient (60%, 30% and 5%) prepared in 50 mM HEPES pH 7.5 buffer. After centrifugation at 280,000 g for 1 h at 4°C, fractions were collected at each interface and analyzed using Western blotting and Coomassie blue. Proteoliposomes were stored at −80°C until use. Sterility of proteoliposome preparations was obtained after filtration of the bacterial lysate (0.22 µm), the use of sterile solutions for each component of the reaction mixture and precautions taken during the entire production process.
° Figure 1 Diagram of the production of proteoliposomes in a cell-free expression system. Notes: cell-free transcription and translation are initiated by adding liposomes and DNa plasmid into the reaction medium. This system also requires E. coli extract, an energy regeneration system and substrates (NTPs, salts, amino acids, chaperones, cofactors, etc). Abbreviations: E. coli, Escherichia coli; NTPs, nucleotide triphosphates.
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Proteoliposome size determination
The dynamic light scattering (DLS) technique was used to measure the average particle size using a DynaPro NanoStar instrument (Wyatt Technology Corp., Santa Barbara, CA, USA) on 4 µL samples in cyclic olefin copolymer cuvettes at room temperature. All measurements were taken in triplicate of 10 scattering readings per sample, and data analysis was performed using Dynamics V7 software (Wyatt Technology Corp.). 28 
Biochemical characterization of proteoliposomes Western blotting
Samples were separated with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 29 and electrotransferred to a nitrocellulose membrane. 30 The membrane was blocked by incubation for 1 h at room temperature in 1× Tris-buffered saline, 0.1% Tween-20 (TBST), 5% nonfat milk. For NOX2 and p22 phox detection, the blocked membrane was incubated with an anti-NOX2 antibody (clone 54.1) or an anti-p22 phox antibody (clone 44.1), respectively, diluted at 1:1,000 in TBST buffer, 5% nonfat milk. After washing, the nitrocellulose membrane was incubated with an anti-mouse IgG-peroxidase antibody diluted at 1:10,000 in TBST buffer, 5% nonfat milk. Then, the blots were developed using a chemiluminescence method (Amersham ECL; GE Healthcare). Molecular Imager Chemidoc™ XRS+ with ImageLab™ software were used for gel imaging and Western blot imaging (Bio-Rad, Marnes-la-Coquette, France).
reduced minus-oxidized differential spectrum
The differential spectrum of purified cytochrome b 558 was performed as already published. 31 The reduced minus-oxidized difference spectra were recorded at room temperature with a spectrophotometer (BioTek Synergy HT, Winooski, VT, USA). Cytochrome b 558 integrity was validated by the presence of two absorption bands at 426 nm (Soret) and 558 nm (α band) and the valley at ∼410-411 nm. A molar absorption coefficient of ε 427-411nm =200 mM −1 ⋅cm −1 was used for calculations. 32 Production and purification of recombinant cytosolic subunits of the NaDPh oxidase complex
phox and Rac1Q61L were expressed in E. coli as a glutathione S-transferase fusion protein using a pGEX-2T vector. Briefly, protein expression was induced with IPTG (0.2 mM at 20°C for p67 phox and p47 phox , 0.1 mM at 37°C for Rac1) for 3 h. Rac1 and p47 phox fusion proteins were purified by affinity on Glutathione Sepharose™ 4B and were cleaved directly on the matrix using thrombin 33 or PreScission protease, respectively. P67 phox was used without cleavage. 34 The purity and cleavage of recombinant proteins were analyzed using SDS-PAGE and Coomassie blue staining. Recombinant proteins were stored at −80°C until used.
recombinant cell-free NaDPh oxidase activation assay
Cytochrome b 558 (8 pmol) or negative liposomes were incubated with recombinant cytosolic subunits p67 phox , p47
phox and Rac1Q61L as previously described. 31, 34 After incubation for 10 min at room temperature with arachidonic acid, NADPH oxidase activity was measured by adding 200 µM NADPH to initiate the superoxide production in the presence of 100 µM NBT. A negative control was performed in the absence of NADPH. In some experiments, various concentrations of DPI were added 10 min before the incubation with arachidonic acid. The O 2
•− production was measured by following the kinetics of the NBT absorbance at 550 nm using a Mithras LB940 spectrophotometer (Berthold Technologies, Bad Wildbad, Germany). SOD-sensitive activity was determined in the presence of 0.1 mg/mL SOD. NADPH oxidase activity was expressed as moles of superoxide produced/s/mol of heme of cytochrome b 558 using a molar extinction coefficient of 28.6 nM −1 ⋅cm −1 at 550 nm for NBT. 35 iPsc culture and hematopoietic differentiation into mature macrophages iPSCs were reprogrammed using a retroviral method (pMXsbased retroviruses encoding the human transcription factors Oct3/4, Sox2, Klf4 and cMyc from Addgene) from human dermal fibroblasts (hDFs) isolated from the skin biopsy of a healthy control (WT) and a X 0 -CGD patient as previously described. 23, 36 Skin biopsies were obtained after informed consent (Ethical permission from the south-east V Person Protection Committee [CPP: 09-CHUG-36, FibroCGD, N° AFSSAPS: 2009-A00944-53]). IPSCs were maintained in an undifferentiated state on irradiated mouse embryonic fibroblasts and fully characterized ( Figure S1 ). Then, hematopoietic differentiation of iPSCs into mature macrophages was performed ( Figure S2 ). 23 Macrophages adhered on a 96-well plate for viability assay, on a 24-well plate for flow cytometry and in cellulo activity tests, and on a four-well Nunc™ Lab-Tek™ II Chamber Slide™ (Thermo Fisher Scientific, Courtaboeuf, France) for the phagocytosis experiment and confocal microscopy, as described in the following sections. Cell culture images were acquired using a Nikon Eclipse TS1000 microscope with an Elipse TS100 microscope with a digital slight DS-U3 camera (Nikon, Champigny-sur-Marne, France).
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MTT assay
Cell viability was determined using an MTT assay based on the mitochondrial activity of viable cells. X 0 -CGD iPSC-derived macrophages (15×10 3 cells) were seeded in a 96-well plate and treated with NOX2/p22 phox (20 pmol cytochrome b 558 ) and negative liposomes for 8, 12 and 24 h at 37°C in IMDM. MTT was then added, and the cells were incubated for a further 3-5 h at 37°C. The absorbance was measured at 560 nm using a multiwall scanning Varioskan™ Flash spectrophotometer and SkanIt software (version 2.4.1; Thermo Fisher Scientific, Courtaboeuf, France). The percentage of cell viability was calculated as follows: The viability of untreated cells was arbitrarily set at 100%. All assays were performed in triplicate. Data were expressed as mean ± standard error. A nonparametric Mann-Whitney U-test was used for statistical analysis using StatView 5.0 software (SAS Institute Inc., Cary, NC, USA). A P-value of ,0.05 was considered significant.
Phagocytosis experiment
The Candida albicans strain was a clinical isolate kindly provided by the Laboratoire de Mycologie, Grenoble Alpes University Hospital, France. Fungi were prepared as previously described. 37 Eight-hour liposome-treated X 0 -CGD macrophages were incubated with opsonized C. albicans fungi at a 3:1 multiplicity of infection (MOI) for 4 h. Phagocytosis was then analyzed with confocal microscopy as described in the following sections. phox (clone 44.1) antibodies as previously described. 23 Control staining with appropriate isotype-matched control was included to establish thresholds for positive staining. WT iPSC-derived macrophages were used as positive control. Cell fluorescence was quantified using a FACSCanto™ II flow cytometer (BD Biosciences, Le Pont de Claix, France). Data were collected and analyzed with the FACS DIVA software (BD Biosciences) and FlowJo software (Tree Star, Ashland, OR, USA).
Flow cytometry
confocal microscopy A total of 1×10 5 X 0 -CGD macrophages were incubated at 37°C in IMDM with NOX2/p22 phox (5 pmol cytochrome b 558 ) or negative liposomes and were treated as previously described. 31 Cells were stained with the 7D5 antibody (1:20) for 1 h at 4°C followed by incubation with an Alexa Fluor ® 488 goat-F(ab′) 2 fragment anti-mouse IgG1 (H+L) for 1 h at room temperature. Nuclei were stained with 1 µg/mL Hoechst 33258. Slides were scanned using a Zeiss LSM710 confocal laser-scanning microscope (Carl Zeiss, Jena, Germany) equipped with 488 nm argon and 405 nm diode lasers at the microscopy facility of the Institut Albert Bonniot (Grenoble, France). Image acquisition was performed by Plan-Apochromat 63x/1.4 Oil objective using ZEN software (Carl Zeiss). Images were processed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). ) were seeded in a 24-well plate and treated for 8 h with NOX2/p22 phox (5 pmol cytochrome b 558 ) and negative liposomes. In cellulo NADPH oxidase activity was measured by the NBT reduction test as previously described. 38 Briefly, macrophages were stimulated with 200 ng/mL PMA in the presence of NBT. After 1 h of incubation at 37°C with an agitation at 250 rpm, cells were washed with phosphate-buffered saline (PBS) and fixed in 4% PFA. Images were acquired using a Nikon Eclipse TS1000 microscope with a Nikon DS camera.
Nitroblue tetrazolium (NBT) test
Results
Optimization of the production of proteoliposomes
A few years ago, we demonstrated that efficient and easy production of proteoliposomes containing a truncated form of NOX2 could be obtained in a single step with an optimized E. coli-based expression system. 16 In this study, we have developed a new cell-free expression system to synthesize both entire NOX2 and p22 phox proteins in a one-step reaction to produce an active proteoliposome directly. We therefore studied the impact of several parameters to optimize the yield of production and to synthesize active proteoliposomes ( Figure 2) . First, to optimize the co-expression of NOX2 and p22 phox encoded by two different plasmids, several ratios of NOX2 and p22 phox genetic material were tested to retain a 1:1 DNA ratio (data not shown). Optimal Mg 2+ and K + concentrations were found to be 15-20 mM and 280-320 mM, respectively (Figure 2A) . The lipid composition of the lipid bilayer was also optimized using DOPE, a helper-neutral fusogenic lipid known to favor the fusion with the plasma membrane of targeted cells. 39 Six compositions with different lipids, as described in the "Materials and methods" section, were compared for their ability to aid the integration of NOX2 and p22 phox into liposomes. Only three of them (L1, L3 and L4) allowed the integration of both proteins to form proteoliposomes ( Figure 2B ). We selected the composition named "L4" for which the protein integration was the highest after purification on a sucrose gradient, as described in the "Materials and methods" section. The most adequate time of reaction for an optimal expression of both subunits was achieved in a 16 h reaction ( Figure 2C) . Furthermore, to reconstitute the heme groups within the NOX2 subunit, we performed a correlated screening of hemin and iron concentrations during protein expression, and the condition giving the best compromise for both proteins was chosen ( Figure 2D ). The reduced minusoxidized spectra of all conditions shown in Figure 2D were tested for heme reconstitution. We chose the four conditions showing the best spectra with the two characteristic peaks of cytochrome b 558 at 426 nm and 558 nm (data not shown).
In vitro characterization of NOX2/p22 phox and negative liposomes Physicochemical properties
NOX2/p22
phox liposomes produced in a 16 h reaction using optimized conditions as previously determined ( Figure 2) were fully characterized. The average hydrodynamic radius 
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Therapeutic proteoliposomes for X-linked chronic granulomatous disease of NOX2/p22 phox and negative liposomes was evaluated using the DLS method and was ∼350±10 nm (99.6% of the population) and 427±17 nm (95.7% of the population), respectively ( Figure 3A) . The size of NOX2/p22 phox and negative liposomes was around 700 nm and 850 nm, respectively. Then, the successful synthesis and integration of NOX2 and p22 phox in the liposomes were confirmed by Coomassie brilliant blue staining and Western blotting ( Figure 3B ). NOX2/p22 phox liposomes (and negative liposomes too) contain contaminating proteins. This is probably due to the bacterial proteins contained in the cell-free expression system. NOX2 and p22
phox bands appeared only in the positive liposomes. NOX2 was detected as a non-glycosylated form at 55-58 kDa and p22 phox at 20-25 kDa ( Figure 3B) . A band was also detected around 45 kDa with the anti-NOX2 antibody, which probably corresponds to a degraded form of NOX2.
The therapeutic effect of our proteoliposomes is absolutely dependent on proper integration of hemes in NOX2. Indeed, reduced minus-oxidized spectra showed the two characteristic peaks at 426 nm (Soret band) and 558 nm (α band), confirming heme incorporation within the NOX2 subunit in the NOX2/p22 phox liposomes ( Figure 3C ). The cytochrome b 558 heme concentration calculated from the absorbance at 426 nm and at 558/559 nm was 1.6 µM and 1.85 µM in NOX2/p22 phox liposomes, respectively. Only a weak peak around 426 nm was detected for negative liposomes. It could be due to the presence of residual c-or b-type bacterial cytochromes in the reaction mixture. 40 These results confirmed the efficiency of the optimized E. coli-based cell-free expression system to co-express both subunits of the cytochrome b 558 and to integrate them into liposomes to form NOX2/p22 phox liposomes with no increase in the size of proteoliposomes.
In vitro NaDPh oxidase activity of NOX2/p22 phox liposomes We next investigated the ability of NOX2/p22 phox liposomes to produce superoxide anions in an in vitro cell-free NADPH oxidase activation assay in the presence of recombinant cytosolic proteins p47 phox , p67 phox and Rac1Q61L (active form of Rac1), NADPH, NBT and an adequate amount of arachidonic acid determined in preliminary assays (data not shown). 31, 33, 34 The cytochrome b 558 heme concentration given by the 426-nm peak was used for the calculation of NADPH oxidase activity. In this reconstituted system, the NADPH oxidase activity of NOX2/p22 phox liposomes was 228.7 moles of superoxides O 2 •− /s/mol of cytochrome b 558 heme (±14.7; n=3), whereas in the negative liposomes the activity was only residual ( Figure 4A and B). No NADPH oxidase activity was detected in the absence of NADPH stimulation ( Figure 4A ). The specificity of the O 2
•− production was confirmed by the significant decrease in the NADPH oxidase activity in the presence of SOD (60% of SOD-sensitive NADPH oxidase activity; Figure 4B ). This specific SODsensitive activity was estimated around 143.8±16.4 moles of superoxides O 2 •− /s/mol of cytochrome b 558 heme. The remaining 40% of SOD-insensitive oxidase activity corresponds to the diaphorase activity of the NOX2/p22 phox liposomes. The effect of various concentrations of DPI, a flavoenzyme inhibitor, was tested on the NADPH oxidase activity. We showed that 200 µM DPI was able to reduce the NADPH oxidase activity by 50% ( Figure 4B ). 
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Our results demonstrated that the NOX2/p22
phox liposomes containing hemes were able to reconstitute a functional NADPH oxidase complex producing superoxide anions in vitro.
Membrane delivery of NOX2 and p22
phox subunits in X 0 cgD iPsc-derived macrophages One major hurdle for the use of proteoliposomes as a replacement enzyme therapy is the efficiency of delivery of the NOX2/p22 phox complex at the plasma membrane of targeted cells. After 8 h of treatment of ROS-deficient X 0 -CGD macrophages derived from iPSCs with NOX2/ p22 phox or negative liposomes, the presence of the cytochrome b 558 at the plasma membrane of the cells was analyzed using flow cytometry, as described in the "Materials and Methods" section ( Figure 5A ). The presence of both proteins was detected only in macrophages incubated with NOX2/ p22 phox liposomes. The mean fluorescence intensity was increased ∼1.7-and 2.0-fold for NOX2 and p22 phox staining, respectively, compared to negative liposome-treated X 0 -CGD macrophages and ∼1.8-and 3.3-fold for NOX2 and p22 phox staining, respectively, compared to untreated In addition, the efficiency of membrane delivery was estimated as the percentage of cells with positive NOX2 staining and it was around 50%-60% of the cells analyzed by flow cytometry and confocal microscopy. As expected, no NOX2 staining was detected in untreated and negative liposome-treated X 0 -CGD macrophages with both methods.
NOX2 location in liposome-treated X 0 -cgD macrophages after Candida sp. phagocytosis
Candida is a common pathogen found in CGD patients and responsible for pneumonia; 1 therefore, we evaluated the location of the NOX2 subunit in liposome-treated X 0 -CGD macrophages in a context of fungal infection. The 7D5 staining of macrophages performed after phagocytosis of •-produced/s/mol of heme and measured before (total activity) or after sOD addition (sOD non-inhibitable activity). cellfree system assay was performed in the same experimental conditions as (A 
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Brault et al C. albicans showed a positive signal only in macrophages treated with NOX2/p22 phox liposomes ( Figure 6A and B). This signal was located around yeasts, indicating a phagosomal location of NOX2. In addition, no NOX2 was detected in X 0 -CGD macrophages treated with negative liposomes ( Figure 6A ).
safe NaDPh oxidase restoration in X 0 -cgD iPsc-derived macrophages using NOX2/p22 phox liposomes Figure 7B ). X 0 -CGD untreated macrophages were also incubated with IMDM alone without FBS to be sure that the absence of serum in culture medium for several hours has no influence on cell viability and morphology ( Figure 7A and B) .
Then, we examined the ability of these proteoliposomes to restore the in cellulo NADPH oxidase activity in ROS-deficient macrophages derived from X 0 -CGD iPSCs. As shown in Figure 7C , the NBT test performed in X 0 -CGD macrophages treated with NOX2/p22 phox liposomes for 8 h showed us a blue precipitate of formazan, revealing the production of ROS upon PMA stimulation. The level of this activity was quite similar to that found in WT iPSC-derived macrophages. Only residual activity was found in the X 0 -CGD iPSC-derived macrophages 
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Therapeutic proteoliposomes for X-linked chronic granulomatous disease treated with negative liposomes. In conclusion, the NOX2/ p22 phox liposomes were functional in cellulo given that they were able to restore the NADPH activity in 8 h treated X 0 -CGD macrophages. This is the first time that proteoliposomes have been used for the delivery of a therapeutic membrane protein (cytochrome b 558 ) for the purpose of enzyme replacement.
Discussion
The first production of a recombinant cytochrome b 558 was performed in 1993 using a baculovirus/insect cell expression system. 41 However, .20 years were required to produce this cytochrome again. Recombinant production of cytochrome b 558 is indeed highly challenging because it is a complex of two membrane proteins, with six transmembrane domains for NOX2 and two to four transmembrane domains for p22 phox that are intimately linked to be functional. 42 In X 0 -CGD only NOX2 is mutated, but the absence of its expression in phagocytes leads to the absence of p22 phox as well. Conversely in AR22 0 -CGD characterized by the absence of mutated p22 phox , NOX2 is also not expressed. 43 This underlines that the synthesis of cytochrome b 558 involved the concomitant synthesis of both proteins. In addition, some sequences of NOX2 and p22 phox were demonstrated to be in interaction to stabilize the complex. 
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The first advantage of using a cell-free expression system is that it is a completely open system in which each parameter of the reaction can be modified depending on the protein to be produced, and this format is also particularly suitable for the co-expression of membrane proteins. Several ratios of DNA templates expressing NOX2 and p22 phox separately were tested to optimize the concomitant expression of both proteins. Optimal magnesium and potassium concentrations (known to be important for optimizing in vitro cell-free transcription and translation 46 ) and the synthesis reaction time were also determined.
Then, to obtain a fully functional and stabilized cytochrome b 558 , two hemes need to be incorporated in NOX2. Heme incorporation is required for heterodimerization of NOX2 and p22 phox , stable expression of both subunits at the plasma membrane and therefore for the NADPH oxidase activity. 47, 48 In the literature, synthesis of other heme proteins using the E. coli in vitro coupled transcription/translation system required the addition of hemin at a concentration around 5-20 µM. 49 In the case of cytochrome b 558 production using baculovirus/insect cells or yeasts, the heme precursor δ-aminolevulinic acid or hemin was used. 17, 18, 41 However, hemin must only be added to our system because of the absence of mitochondria in the bacterial lysate that is responsible for heme generation. Therefore, screening of the optimal hemin and iron concentrations was essential to ascertain satisfactory heme production and cytochrome b 558 expression. This was evidenced by its characteristic reduced minus-oxidized spectrum. It is also well established that heme incorporation is essential for the electron transfer within the cytochrome b 558 from the NADPH to the FAD sites and through the hemes to reduce molecular oxygen leading to the generation of the superoxide anion. 50 The in vitro recombinant cell-free NADPH oxidase activation assay measured a total production of superoxide anions of 228.7 moles/s/mol of cytochrome b 558 heme with NOX2/p22 phox liposomes. This is equivalent to the NADPH oxidase activity of the bovine cytochrome b 558 produced in yeasts. 17 Our specific SOD-sensitive NADPH oxidase activity of 143.8 moles of superoxides O 2 •− /s/mol of cytochrome b 558 heme is also within the same range of value as the activity of the detergent-solubilized recombinant human cytochrome b 558 produced in baculovirus/insect cells. 41 The maximum turnover measured in an amphiphile-activated cell-free system using neutrophil membrane is generally 100 mol O 2 •− /s/mol of cytochrome b 558 heme, 51 and it decreases when cytochrome b 558 is reconstituted in liposomes. 52 The high turnover obtained with our NOX2/p22 phox liposomes could be explained by the fact that we introduced the R199Q mutation in NOX2 that improves ROS production after activation four-to eightfold. 27, 33 The DPI concentration used to inhibit the NADPH oxidase activity of the reconstituted complex was higher than the concentration usually used in phagocytes (200 µM versus 2.5-5 µM in whole cells). However, a similar observation was made for the bovine NOX2 expressed in yeast. 17 Probably, the active site of the enzyme was less accessible when incorporated into liposomes than in the plasma membrane of phagocytes.
The molecular mass of NOX2 and p22 phox produced was 55-58 kDa and 21-25 kDa, respectively. This suggests that NOX2 was in a non-glycosylated form (as is always the case in an E. coli-producing system) but was still active, as for murine NOX2. 53 In human phagocytes, the mature form of NOX2 is glycosylated and detected at around 91 kDa. But it has been demonstrated that glycosylation is not required for NOX2-p22 phox heterodimer formation, heme incorporation and superoxide anion generation. 41, [54] [55] [56] The glycosylated form of NOX2 was produced using a yeast system, whereas a weakly or non-glycosylated form of NOX2 was obtained when cell-free systems based on rabbit reticulocyte lysates or a baculovirus/insect cell system were used. 17, 18, 41, [57] [58] [59] Our E. coli-based cell-free expression system is able to produce 100 times and 20 times more recombinant human cytochrome b 558 than previous reports showing the synthesis of a bovine cytochrome b 558 from 1 L of a P. pastoris or baculovirus/insect cell system, respectively. 18 Our production is also 1,000 times greater than the first attempt using 10 9 baculovirus/insect cells. 41 The second advantage of this E. coli cell-free expression system was that cytochrome b 558 is directly incorporated into liposomes in ,24 h, contrary to cell-based expression systems. In addition, these cell-based expression systems require supplementary steps of cytochrome b 558 purification and incorporation into liposomes after detergent removal, which could be a critical step leading to heterogeneous preparations and the protein's loss of function. 60 Furthermore, the process is scalable and applicable for a therapeutic approach. Several previous studies have demonstrated the ability to scale the cell-free expression system linearly to the liter scale for soluble protein production. 61 The presence of liposomes in the reaction mixture is essential for the solubilization of the newly synthesized NOX2 and p22 phox subunits. Lipids are the normal environment of membrane proteins, so liposomes are perfectly relevant vectors to obtain a proper folding of a protein and to allow its vectorization. However, the lipid composition is an important parameter to consider because of its influence 
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Therapeutic proteoliposomes for X-linked chronic granulomatous disease on the stability of liposomes as well as the activity of the protein inserted. A mixture of DOPC and DOPE is commonly used to form liposomes. 62 Therefore, cholesterol content, the choice of synthetic lipids and the proportion of the fusogenic lipid DOPE were determined on the basis of our previous results 16, 63 and the current study. The choice of the lipid composition for optimal NOX2/p22 phox production while maintaining their functionality was also compatible with efficient vectorization of both proteins in the plasma membrane of X 0 -CGD iPSC-derived macrophages, as evidenced by confocal analysis. Stable expression of NOX2 and p22 phox subunits at the plasma membrane is possible only after NOX2-p22 phox heterodimer formation. Thus, this membrane incorporation confirmed that the heterodimerization of both proteins occurred during their synthesis in the cell-free system. In addition, we demonstrated a phagosomal membrane location of NOX2 after Candida sp. phagocytosis. In normal macrophages, cytochrome b 558 is first located in the plasma membrane and then in the phagosomal membrane after phagocytosis. 64 In this study, we focused on macrophages because of their easy production from iPSCs 23 but first of all because of their long lifetime in the body (several months in some tissues), making them an advantageous target for protein therapy. The in vitro macrophages used for the experiments were nondividing cells, like their counterparts in the blood circulation.
Then, satisfactory delivery of both subunits was definitively confirmed by the restoration of the NADPH oxidase activity in ROS-deficient macrophages after NOX2/p22 phox liposome treatment and PMA stimulation. The NBT slide test is a robust test that is easy to perform and that requires a small number of cells. For these reasons, it is commonly used for routine diagnosis of CGD patients. 65 It is known that if 5%-10% of circulating phagocytes are efficient, individuals are protected against infections. This means that a partial correction of the cells with proteoliposomes can be sufficient to prevent or fight infections. Using the NBT test, we proved that NOX2/p22 phox liposomes were able to reconstitute a functional NADPH oxidase complex in X 0 -CGD macrophages. This is the first time that a membrane protein has been delivered by liposomes to restore a deficient enzyme activity. In addition, MTT assay results demonstrated that this approach is not toxic for cells. However, further studies will also be needed to investigate the interaction between proteoliposomes and phagocytes in greater detail. In the context of antitumor therapy, liposomes containing the pro-apoptotic Bak protein designed by our team have already demonstrated powerful activity to induce apoptosis in cellulo in human colorectal carcinoma cell lines and in vivo in a mouse model of glioblastoma. 11, 12 It was the first demonstration of the efficacy of a proteoliposome-based therapy in a preclinical study.
NOX2 is mainly expressed in neutrophils and alveolar and interstitial macrophages in the lungs, which are the first line of defense against Aspergillus invasion. 66 As a consequence, in a further step, we intend to evaluate the biodistribution, safety and efficacy of NOX2/p22 phox liposomes in a CYBB knockout mouse model of pulmonary infection. We hope that these preclinical studies will confirm the therapeutic potential of NOX2/p22 phox liposomes and then lead to an experimental clinical trial in XCGD patients. Indeed, the first cause of death of CGD patients is lung infections mainly due to Aspergillus sp. 8 Nebulization is the most relevant administration route for a local treatment with liposomes because 75% of the administered dose will accumulate in the lungs, preferentially in the small airways and alveoli for the particles with a diameter ,1-5 µm. 67 Therefore, a local and targeted therapy against acute infections refractory to conventional treatments would be extremely useful in CGD patients.
Conclusion
For the first time, we have described the successful production of recombinant therapeutic proteoliposomes that demonstrate their efficiency in treating a membrane enzyme deficiency. In a single step using an optimized E. coli-based expression system, we were able to generate liposomes containing a functional cytochrome b 558 into the lipid bilayer of liposomes with heme incorporation. These NOX2/p22 phox liposomes successfully reconstituted an NADPH oxidase complex in vitro, as shown by the production of superoxide anions after stimulation. Furthermore, membrane delivery of NOX2 and p22 phox was confirmed by the presence of both subunits at the plasma membrane of macrophages and also at the phagosome membrane for NOX2. In cellulo experiments with X 0 -CGD iPSC-derived macrophages revealed no toxicity of the proteoliposomes at any incubation time. In addition, NOX2/p22 phox liposome treatment of these cells restored NADPH oxidase activity.
In the future, this promising new liposomal enzyme replacement therapy could become a local curative alternative against life-threatening lung infections refractory to conventional antibiotic and antifungal therapy in CGD patients. also thank Sylvain Beaumel, Cécile Martel and Michèle Mollin for their helpful and valuable work at the Centre Diagnostic et Recherche sur la CGD, and Pascal Gabard for his advice on the miniaturized recombinant cell-free system. They acknowledge the platforms of the Grenoble Instruct Center (ISBG; UMS 3518 CNRS-CEA-UGA-EMBL) supported by the French Infrastructure for Integrated Structural Biology Initiative FRISBI (ANR-10-INSB-05-02) and by the Grenoble Alliance for Integrated Structural Cell Biology GRAL (ANR-10-LABX-49-01) within the Grenoble Partnership for Structural Biology (PSB). They also thank Mrs Linda Northrup for editing the manuscript. Figure S2 hematopoietic differentiation of iPsc into mature macrophages. Notes: iPsc colonies (A) were cocultured with OP9 cells for 10 days in a differentiation culture medium (α-MeM supplemented with 10% FBs, 100 µM MTg and 50 µg/ml ascorbic acid; scale bar =200 µm). Day 10 iPs/OP9 cocultures were harvested and cD34-positive cells (B) were isolated after labeling with cD34 magnetic beads (scale bar =200 µm). They were cultured in suspension in α-MeM containing 10% hyclone™ FBs, 100 µM MTg and 200 ng/ml gM-csF for 8 days. Then, the medium was changed for IMDM with 10% FBs and 50 ng/ml M-csF. after 3 days, cells were allowed to adhere in the same medium for 1 week to obtain mature macrophages (C) as shown with Mgg staining (scale bar =100 µm). Abbreviations: FBS, fetal bovine serum; GM-CSF, granulocyte-macrophage colony-stimulating factor; IMDM, Iscove's Modified Dulbecco's Medium; iPSC, induced pluripotent stem cell; M-csF, macrophage colony-stimulating factor; MeM, minimum essential medium; MTg, monothioglycerol; Mgg, May-grunwald-giemsa.
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Figure S1
In vitro characterization of iPscs. Notes: (A) representative results of Facs analysis of iPscs showing the expression of the membrane pluripotency marker ssea-4 and the nuclear transcription factors Nanog, Oct4 and Sox2 (black curve). Isotype controls are represented by gray-filled curves. (B) Immunofluorescence images of iPSC colonies showing the expression of the membrane pluripotency markers ssea-4 (green) and Tra-1-60 (red) and the nuclear transcription factors Nanog (red) and Oct4 (green) with nuclei counterstained with hoechst in blue (scale bars =200 µm). Abbreviations: iPSC, induced pluripotent stem cell; FACS, fluorescence activated cell sorting analysis; SSEA-4, stage-specific embryonic antigen-4; Tra-1-60, tumor resistance antigen 1-60.
